We have isolated a novel gene, ASMTL (acetylserotonin methytransferase-like), in the pseudoautosomal region (PAR1) on the human sex chromosomes. ASMTL represents a unique fusion product of two different fulllength genes of different evolutionary origin and function. One part is homologous to the bacterial maf/orfE genes. The other part shows significant homology to the entire open reading frame of the previously described pseudoautosomal gene ASMT, encoding the enzyme catalysing the last step in the synthesis of melatonin. We have also detected the identity of one exon (1A) of ASMT to exon 3 in yet another pseudoautosomal gene, XE7. The data presented suggest that exon duplication and exon shuffling as well as gene fusion may represent common characteristics in the pseudoautosomal region.
INTRODUCTION
With respect to recombination frequencies, the human Y chromosome presents itself as an extreme case. Over almost its entire length the Y chromosome is virtually a non-recombining chromosome. However, at its distal ends, within the X-Y homologous pseudoautosomal regions (PAR1 and PAR2), recombination frequencies are extremely high. Indeed, PAR1 on Xp/Yp exhibits one of the highest recombination rates in male meiosis in the human genome. This is due to the fact that males have an obligatory crossover within this 2.6 Mb region (for a review see ref. 1) .
On the non-recombining portion of the human Y chromosome the preponderance of gene families expressed specifically in the testes has been described (2) . This has raised questions both on the evolutionary forces which lead to their creation as well as to the molecular mechanism involved. In contrast, the evolution of genes and gene families in the recombining portion of Y is likely to follow very different principles. It has, for example, been suggested that the high frequency of recombination may have rendered this region more prone to unequal crossing over, leading to gene duplications in the ancestral PAR1 (3). To date, nine genes and one pseudogene have been characterized within PAR1 (4, 5) . Only two of them, ASMT and XE7, have been characterized as 'single' genes, whereas all the others have close relatives in the genome or are duplicated within PAR1 (5) (6) (7) (8) (9) (10) (11) .
Here we describe the isolation of a novel pseudoautosomal gene, ASMTL (N-acetylserotonin O-methyltransferase-like), showing significant homology to the pseudoautosomal gene ASMT (N-acetylserotonin O-methyltransferase, also named hydroxyindole O-methyltransferase, HIOMT, EC 2.1.1.4) (12) . ASMT is an enzyme catalysing the last step in the synthesis of melatonin, a hormone that depresses body temperature and facilitates sleep onset by inducing the circadian system (13, 14) . It is exclusively expressed in brain, retina and pineal gland (15) . Besides the homology of ASMTL to ASMT in its 3′-part, the N-terminal part of ASMTL is similar to the entire length of the multicopy associated filamentation (maf) protein of Bacilus subtilis (16) and to orfE of Escherichia coli (17) , gene products involved in the regulation of cell division and growth. This bipartite structure suggests that ASMTL is the product of a gene fusion event, during which two different full-length genes have been joined to form one single gene. We discuss the creation of new genes in the (ancestral) pseudoautosomal region by exon shuffling and duplication and by gene fusion events.
RESULTS

Isolation of ASMTL
To identify genes within the pseudoautosomal region, cosmid ICRFc104D0137 (ANT3cos) was used in cDNA selection experiments (18) . A 159 bp cDNA fragment (FIB-164) was isolated from a fibroblast cDNA library (see Materials and Methods). Using this short fragment as a probe, a 1.56 kb cDNA, FB-18C, was isolated from a fetal brain cDNA library (Fig. 1A) . In order to isolate the 5′-end of the gene, 5′ RACE experiments were performed using cDNA libraries of placenta, fetal brain and bone marrow and first strand cDNA derived from colon and pancreas. Two PCR amplification products of 0.6 (PLA-KSV2) and 0.23 kb (PA-RT2) were sequenced. Sequences of two RT-PCR products isolated from pancreas and colon (PA-DGrev * To whom correspondence should be addressed: Tel: +49 6221 565059; Fax: +49 6221 565332; Email: gudrun_rappold@ukl.uni-heidelberg.de and COL-DGrev) using primers of different exons in the middle part of the transcript were identical to the sequence of the cDNA clone FB-18C. Northern blot hybridization as well as sequence comparison with EST databases (e.g. ESTs HSC2ME121, accession no. Z45319, and 122, accession no. F04211, which represent the 5′-and 3′-ends of clone c-2me12 isolated from human infant brain cDNA) furthermore confirmed that all isolated fragments originate from one singular gene (Figs 1  and 2 ).
ASMTL exhibits a bipartite structure
A 2085 bp consensus sequence (accession no. Y15521) was assembled by analysis of sequences from six cDNA clones (Fig.  1A) . Sequence analysis revealed an open reading frame (ORF) of 1890 bp encoding 629 amino acids. Two potential translation start sites are located at positions 91 and 265, respectively. Both AUG codons are embedded in a sequence that matches the Kozak consensus sequence in nine out of 10 bases (19) . Using an in vitro translation assay, respective translation products of 63 and 70 kDa were detected (Fig. 3) .
Database comparison of the ASMTL cDNA revealed significant homology to the ASMT gene in human (60% over 995 bp and 58% over 396 amino acids; 20), rat (61% over 599 bp and 58% over 361 amino acids; 15), chicken (58% over 847 bp and 63% over 346 amino acids; 21) and cow (58% over 1010 bp and 60% over 345 amino acids; 22) (Fig. 4A) . Homology of the human ASMT gene to the 3′-part of ASMTL was found over its entire length except for a LINE 1 element not present in the ASMTL gene and the alternatively spliced and untranslated exon 1A (23; see also Besides this close homology to ASMT in human and other species in the C-terminal half of the protein, the N-terminus of ASMTL is clearly different. A 65 and 62% homology over 189 and 197 amino acids to the maf protein of B.subtilis and to orfE of E.coli is seen (16,17; Fig. 4B ). Between the two completely different N-and C-terminal domains of the protein resides a stretch of ∼80 amino acids without significant homology to any sequence in the database (Fig. 1B) . This suggests that the ASMTL gene is the fusion product of two different genes with a different evolutionary origin. 
ASMTL is expressed in all investigated tissues
We could show that ASMTL is expressed in pancreas, placenta, colon, fibroblast and fetal brain tissues (Fig. 1A ). Northern analysis of two different ASMTL mRNA fragments, PLA-KSV2 (5′-end) and FIB-164 (3′-end), both detect an abundant 2.1 kb transcript in all tested fetal and adult tissues (Fig. 2) . The presence of ASMTL cDNAs in all tested libraries and the observed signal intensity on northern blots indicates that ASMTL is ubiquitously and abundantly expressed.
Genomic organization of the ASMTL gene
Due to the chromosomal localization of the ASMTL gene within the pseudoautosomal region, both X-and Y-specific cosmid libraries were screened to isolate its genomic locus. Cosmids were subcloned or sequenced directly with exon-specific primers (see Materials and Methods). Comparison of ASMTL genomic and cDNA sequences revealed the presence of 12 exons. A section of 185 bp of the cDNA (nt 1151-1335) was not present in any of the cosmid clones but in the YAC 320B7 (CEPH). We therefore carried out long-range PCR using YAC 320B7 (24) and in parallel total genomic DNA as templates using primers flanking the missing cDNA fragment. A 6 kb fragment containing exon 9 was amplified from both sources.
The minimal tiling path spanning the genomic locus of ASMTL is composed of the cosmid LLNOYC03′M′7A2 (5′-end), the long-range PCR product 21G+21L and the cosmid LLNLc110F0835 (3′-end). Genomic data were verified using four further cosmids and long-range PCR products for direct sequencing (see Materials and Methods).
In summary, we show that the genomic locus of ASMTL is composed of 13 exons and extends over ∼50 kb. Exons 1-6 are homologous to maf/orfE, and exons 8-13 to the ASMT gene (Figs 1B and 5). Exon 7 represents the joining fragment between the maf/orfE and the ASMT domains and the homology to ASMT begins in its 3′-portion.
A comparison between the exon/intron structure of ASMT and ASMTL shows that not all splice junctions were preserved. ASMT has an additional intron interrupting ASMTL exon 9 and an additional exon encoding a partial LINE 1 element within the coding region which is missing in ASMTL. In addition, the boundary of exon 9 has shifted a few bases. All other exon-intron boundaries are conserved.
Mapping of the ASMTL gene within PAR1
ASMTL resides proximal and in close vicinity to ANT3 (Fig. 6A) . The mapping and orientation of the ASMTL gene within PAR1 was facilitated by the fact that cosmid ICRFc104D0137 used in the initial cDNA selection approach not only contains the 3′-end of ASMTL but also the entire ANT3 gene. ANT3 was previously shown to be associated with a CpG island located at ∼1300 kb from the telomere (8, 25) . Sequencing of a 0.8 kb subfragment of cosmid LLNOYC03′M′7A2 upstream of the first ASMTL exon identified a CpG-rich region with restriction recognition sites for BssHII, EagI, NarI, SacII and SmaI. Southern analysis of male and female genomic DNA revealed that these sites were unmethylated, indicating that the 5′-end of ASMTL is associated with a CpG island which resides at 1350 Xptel (data not shown). The homologous genes ASMTL and ASMT (previously mapped to 1700-1800 Xptel) thus reside within 500 kb in the middle portion of PAR1 (12, 24) . The gene orientation of ASMT is unknown (12) . Conclusions about potential co-regulation of both genes can therefore not been drawn. Intensive database searches using ASMTL and ASMT cDNAs as query sequences have revealed sequence identity between the alternatively spliced exon 1A of ASMT and exon 3 (148 bp) of XE7, another pseudoautosomal gene (23, 26) . Strikingly, there was no homology between exon 1A of ASMT and ASMTL.
DISCUSSION
We have isolated a novel pseudoautosomal gene, ASMTL, exhibiting a 58-60% amino acid sequence similarity to the ASMT Figure 6 . (A) Gene duplications in Xp22.3. All known pseudoautosomal genes have been integrated on the map, which includes the pseudoautosomal region and the proximal flanking part of the X-linked portion of Xp22.3 (4). XE7 has previously been mapped proximal to 800-900 kb by applying PFGE (24) . FISH analysis of two different lymphoblastoid cell lines with terminal deletions of PAR1 have revealed that the XE7-4 cosmid overlapping with cosmid XE7-6 (26; J. Ellison, personal communication) maps distal to ASMTL, ANT3 and CSF2RA (data not shown). This result was confirmed using primers to the the 3′-region of the XE7 gene and mapping it at position 800-900 kb by PCR on YACs and cosmids from the terminal half of PAR1 (data not shown). The pseudoautosomal boundary is determined by PABX. (B) Schematic representation of genes which are supposed to have evolved by duplication. Similar exons are indicated. The exon structure of CSF2RA and IL3RA is unknown. Homology between CSF2RA and IL3RA is highest in their middle portion (6) .
genes of human, chicken, cow and rat (15, (20) (21) (22) (23) . Between all these ASMT members in different species and those of plants and bacteria, the highest homology was found in the last two exons, 12 and 13 (27, 28) . Sequences homologous to exon 12, encoding amino acids 509-549, have been described as S-adenosyl-Lmethionine binding domains (15) . Besides the ASMT homology, the N-terminus of ASMTL shows significant homology to two bacterial proteins, orfE of E.coli and its homolog in B.subtilis, maf protein (16, 17) . These data suggest that a duplication of ASMT and an orfE/maf-like gene have resulted in a fusion transcript, as described previously for other gene fusion products (29, 30) .
The function of the ASMTL protein is as yet unknown. In contrast to known ASMT genes, which are involved in the serotonin/N-acetylserotonin/melatonin pathway and show exclusive expression in brain, pineal gland and retina (15), the ASMTL transcript was detected in all investigated tissues. It is therefore possible that ASMTL is not involved in the melatonin pathway (also described as the mind's clock). Nevertheless, conservation of the putative catalytic domain for S-adenosyl-L-methionine binding argues for a methyltransferase activity of the enzyme.
The significance of the orfE/maf domain is also not clear. The gene orfE is localized in the murein pathway cluster e (mre) region of the E.coli genome. Deletions of the mre locus give rise to irregular spherical cells, indicating that these genes may be involved in cell growth and division (17) . The maf gene of B.subtilis is also located in the vicinity of mre genes and overexpression of the gene results in inhibiton of correct septing of the cells (16) . maf seems to be necessary for the initation of filamentation of B.subtilis cells (16) . Database searches with both orfE and maf sequences revealed no comparable homologies to any vertebrate proteins except to the novel ASMTL.
Localization of the ASMTL gene within the pseudoautosomal region raises the question as to the evolutionary origin of the gene. Its homologous gene, ASMT, has also been mapped to this region at the tips of the short arms of X and Y chromosomes (12) . Using the YAC and cosmid arrays of PAR1 we were able to show that both genes are maximally 500 kb apart (24) . Gene duplications have already been described for pseudoautosomal genes, including the MIC2 family [MIC2, MIC2R and XG (PBDX)] as well as the haemopoetic growth factor receptor genes CSF2RA and IL3RA (6, 7, 10, 31, 32) . MIC2 shares 48% homology with XG at the protein level and is 73% homologous at the DNA level to the pseudogene MIC2R. CSF2RA and IL3RA, located distal to the ASMTL gene, are not only functionally associated by binding to an identical β subunit of GM-CSF, but also seem to have evolved from a common ancestral gene. Their overall amino acid similarity is 54%, being highest in their middle portion, and is therefore slightly higher than between MIC2 and XG. In comparison, ASMT and ASMTL show higher homology (60%) at the protein level than MIC2/XG or CSF2RA/IL3RA, but less homology (60%) at the DNA level than MIC2/MIC2R (Fig. 6B ).
An analysis of the exon structure in both MIC2/XG and ASMT/ASMTL also revealed similarities, though exon-intron boundaries are not always exactly at the same position in both genes and the number of exons in the homologous regions differs (MIC2, seven compared with eight exons in XG; ASMTL, seven compared with eight exons in ASMT, excluding the L1 encoding exon) (7, 23) . Comparable with partial duplications of exons 1, 4 and 5 of MIC2 in MIC2R (10), exon 1A of the ASMT gene is duplicated in yet another pseudoautosomal gene, representing exon 3 of XE7 (23, 26) .
What is the reason for such a high frequency of gene duplications within PAR1? The pseudoautosomal region is characterized by its sequence identity between X and Y chromosomes which is conserved by an obligate crossing over event in each male meiosis (33) , leading to an ∼20-fold higher recombination rate compared with the genome average. Clearly, the recombination frequency alone cannot be the sole reason for such a high rate of gene duplications, as gene duplications have been seen on Yq in regions with zero recombination. It may be more likely that, favoured by a high number of repetitive elements, such as STIR elements (34) , unequal crossing over due to slippage may result in gene duplication and the creation of a further anchor for unequal crossing over. Interspecies comparison also revealed that none of the human pseudoautosomal genes is found in the PAR of the mouse (35) , for example, arguing again for a very rapid evolution of the human PAR1.
A well-known example of gene duplications in the distal X-specific portion of the Xp22.3 region, the putative ancestral pseudoautosomal region, has been described in the arylsulfatase genes ARSC (STS), ARSD, ARSE (CDPX) and ARSF (3, 36) . They show 67-73% amino acid similarity to each other, share the same exon/intron structure in the coding region and have the same direction of transcription from centromere to telomere (36) . Thus, compared with the genes in the PAR1 region the structural integrity of X-specific genes within Xp22.3 seems to be higher. This observation suggests that the scrambling of exons, partial or full-length genes is more pronounced within PAR1 under the ongoing constraints of high recombination frequencies, compared with the situation of the distal X-specific portion of Xp22.3. This conclusion is in agreement with the evolution of the MIC2/MIC2R/XG (7, 10, 31, 32) and ASMTL/ASMT/XE7 groups of genes. Favoured for structural or cell biological reasons, as well as by a high recombination rate, the pseudoautosomal region seems to be a unique playground for evolution by creating new combinations of genes or gene fragments (37, 38) .
MATERIALS AND METHODS
cDNA isolation
cDNA clone FIB-164 was isolated from a fibroblast cDNA library (Stratagene no. 936209) using the cosmid ICRFc104D0137 (ANT3cos; 9) as substrate for cDNA selection (39) . FB-18C (1/550 000) was isolated by screening a fetal brain cDNA library (Stratagene no. 936206) by standard hybridization techniques.
5′ RACE
The cDNA PLA-KSV2 was obtained by PCR using exon-specific reverse primer 18A (CCG CTG TGG ACG TAT TCC C) in combination with the vector primer KSV (CGA GGT CGA CGG TAT CG) and 6 ng amplified placental cDNA library (Stratagene no. 936203). PCR was performed under standard conditions using an annealing temperature of 60_C. The resulting 510 bp specific PCR product was cloned in SmaI-pUC18 with the Sure Clone Kit from Pharmacia.
For isolation of the 5′-end of ASMTL (PA-RT2), total RNA from pancreas was reverse transcribed as described by the manufacturer (Gibco BRL) using the gene-specific primer 21F (CAG GTC TTT CTG GTA TAG C) spanning the exon 2-3 boundary. The obtained cDNA was isolated on GlassMAX columns, subsequently tailed with oligo(dC) at the 3′-end with terminal deoxynucleotide transferase (TdT) and amplified in a PCR using the reverse exon sequence 21N2 as nested primer (TTG CTG AGG ATC TCC TGA CG), in combination with the oligo(dC) binding anchor primer. PCR was carried out using the following parameters: 94_C for 2 min, 35 cycles of 94_C for 1 min, 62_C for 45 s, 72_C for 1 min and 10 min at 72_C. PCR products were cloned in the SmaI-pUC18 vector.
RT-PCR
For reverse transcription, 10 µg total RNA were used which had been isolated from colon and pancreas. After denaturation at 65-70_C for 5-10 min, the RNA was added to a mixture containing 2 µg oligo(dT) primer, 40 U RNase inhibitor, 20 U AMV reverse transcriptase and buffer (250 mM Tris-HCl, pH 8.5, 375 mM KCl, 50 mM DTT, 15 mM MgCl 2 , 1.25 mM NTP) and incubated at 37_C for 60 min. Aliquots of 10 ng cDNA obtained were used in PCR reactions. Amplification of COLDGrev and PA-DGrev was with primers 21D (CAT GGA CAA AGC TGG CGG, exon 6/7) and 21Grev (AAT CGA ACA CCT TCA GTT TGC, exon 8) under standard PCR conditions and at an annealing temperature of 58_C.
PCR amplification
All PCRs were performed in 50 µl volumes containing 100 pg-200 ng template, 20 pmol each primer, 200 µM dNTPs (Pharmacia), 1.5 mM MgC1 2 , 75 mM Tris-HC1, pH 9.0, 20 mM (NH 4 ) 2 SO 4 , 0.01% (w/v) Tween-20 and 2 U Goldstar DNA polymerase (Eurogentec). Thermal cycling was carried out in a GeneE Thermocycler (Techne).
Cosmid isolation
Cosmids identified by hybridization with ASMTL cDNA probes were derived from the ICRF X chromosome-specific cosmid library (ICRFc104D0137 and ICRFc104A0712), the Lawrence Livermore X chromosome-specific cosmid library (LLNLc110F0835, LLNLc110L1452 and LLNLc110G0437) and the Y chromosome-specific library (LLNOYC03′M′7A2). To verify overlaps, end probes from several cosmids were used in cases in which overlaps could not be proven using known probes.
Long-range PCR
In order to determine the exon/intron structure between exons 8 and 10, a long-range PCR was performed following the manual of the Expand Long Template PCR System (Boehringer Mannheim): 92_C for 2 min, 10 cycles of 92_C for 10 s, 58_C for 30 s, 68_C for 22 min, 20 cycles of 92_C for 10 s, 64_C for 30 s, 68_C for 22 min + 20 s/cycle and 10 min 68_C. Genomic DNA or DNA of the YAC 320B7 (CEPH library; 40) were amplified with primers 21G (TCA CCG CTT GCA AAC TGA AGG) and 21L (CAG TCA GCT TCG TCA TGC CG), resulting in a product of ∼6 kb.
Sequencing
ASMTL cDNA and genomic subclones were either sequenced with T7 polymerase following the protocol of US Biochemicals or by cycle sequencing using SequiTherm polymerase from Biozym. Cosmids were also sequenced directly by cycle sequencing with exon-specific primers. For cycle sequencing, either 200-500 ng plasmid DNA or PCR product or 2 µg cosmid DNA were necessary. PCR conditions were: 94_C for 2 min, 35 cycles of 94_C for 10 s, 50_C for 20 s, 72_C for 1 min, followed by 10 min at 72_C. All sequencing reactions were performed with [α- 35 S]dATP (10 mCi, <1000 Ci/mmol).
In vitro translation
For the in vitro translation assay a single cDNA template coding for the complete ORF (positions 91-1978 of the cDNA sequence) was constructed. For this purpose cDNA clone PLA-KSV2 was digested with EcoRI, ligated to FB-18C and amplified by PCR using primers TNT (CTT CTA ATA CGA CTC ACT ATA GGG CGT GGA CGC CAT GG) and 21W (CAG TCA CGA CTA CAC GCT CC). Primer TNT contains the T7 promotor sequence and the translation start codon (position 91). The reverse primer 21W is located downstream of the stop codon at positions 2063-2044. Following the manual of the TNT coupled Reticulocyte Lysate Kit from Promega, 500 ng DNA were used for translation. [ 35 S]cysteine-labelled translation products were separated on a 10% SDS-polyacrylamide gel at 200 V for 45 min. The dried gel was exposed overnight.
Southern and northern blot hybridization
Southern hybridizations were carried out under high stringency conditions in Church buffer (0.5 M NaPi, pH 7.2, 7% SDS, 1 mM EDTA) at 65_C and washed in 40 mM NaPi, 1% SDS at 65_C.
Northern hybridizations were carried out in 5× SSPE, 10× Denhardt's, 50% formamide, 2% SDS at 42_C and washed with a final stringency of 0.1× SSC, 0.1% SDS.
FISH analysis
Biotinylated cosmid DNA was hybridized to metaphase chromosomes from stimulated lymphocytes of patients YU (our unpublished data) and AT (18) under conditions as described previously (41) . The hybridized probe was detected via avidin-conjugated FITC.
